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Relationships between environmental char-
acteristics (i.e., climate, biome, elevation,
habitat structure, and microhabitat), time, and
hantavirus pulmonary syndrome (HPS) cases in
the United States have not been systematically
evaluated. We describe environmental factors
associated with probable exposure sites for all
diagnosed HPS cases in the Four Corners region
(Arizona, New Mexico, Colorado, Utah) of the
United States before 1996 and evaluate the
strength of the associations between climate,
time, and HPS cases.
Case and Exposure Site Identification
All cases met the surveillance case definition
for HPS, which requires the presence of
clinically compatible symptoms and laboratory
confirmation (1).
Fifty-nine sites in Arizona, New Mexico,
Colorado, and Utah were identified as probable
exposure sites for HPS cases (sites at which HPS
patients were most likely infected with Sin
Nombre virus (SNV), according to previously
collected data from environmental assessments
and individual patient questionnaires [2])
occurring from 1985 to 1995. Rodent trapping
and testing data were also used to determine
exposure sites, including those identified by
linking hantavirus genome sequences between
patients and rodents (3,4). Our inability to
determine precisely where persons were exposed
to HPS may have created a selection bias.
Climate Investigations
Climate analyses were limited to 52 probable
exposure sites of HPS cases (n = 53 cases) (two
case-patients were exposed to SNV at the same
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site); onset of illness was between 1993 and 1995.
Climate data for probable exposure sites were
collected from the nearest weather station
monitored by the National Oceanic and
Atmospheric Administrations Western Regional
Climate Center in Reno, Nevada. Ten years
(1986 to 1995) of monthly precipitation sums and
monthly averages of daily ambient temperature
were obtained for each station. To be included,
sites had to be located within a 30-km radius and
a 300-m elevation range from their closest
corresponding weather station and without a
mountain range between the exposure site and
the identified weather station. Twelve sites did
not meet these inclusion criteria, six were
removed from precipitation analyses, and five
were removed from temperature analyses
because of missing weather data. Data from 24
weather stations were used for the precipitation
(n = 34 exposure sites) and temperature analyses
(n = 35 exposure sites). Four weather stations
represented multiple exposure sites because
they were the closest available weather stations.
Twenty-two (85%) exposure sites included in the
analyses were within 15 km (mean = 13.2 km,
standard deviation [SD] = 7.9 km) and 150 m of
elevation (mean = 78.0 m, SD = 79.2 m) of their
corresponding weather station. Data were
analyzed with the SPSS and Epi-Info statistical
software programs (5,6).
The use of climatic data collected from
weather stations as far as 30 km away from
probable exposure sites, with as much as a 300-m
difference in elevation, may have created an
ascertainment bias. Weather patterns, however,
generally cover large regions. In addition, a
withdrawal bias may have been introduced by
eliminating exposure sites and weather stations
that did not meet the inclusion criteria.
Precipitation Analysis
Precipitation totals from the 24 identified
weather stations for each of the 48 months
during 1992 through 1995 were compared with
the corresponding calendar months mean
precipitation total for 1986 to 1991. Each months
mean precipitation difference was plotted
against the number of HPS cases with onset of
symptoms during that month for cases between
1993 and 1995. The Wilcoxon matched-pairs
signed rank test was used to test the statistical
significance of precipitation during two periods
of substantial departure from normal precipita-
tion patterns (i.e., 6-year mean sum precipita-
tion data for the same calendar months). These
weather stations, representing the 1993 to 1995
cases, reported above average (p < 0.01)
precipitation totals during December 1992
through March 1993 and below average (p <
0.01) precipitation totals during June 1993
through July 1993 (Figure 1).
By using a Spearmans correlation, we found
a negative correlation between the number of
cases per month (onset date) and the number of
months after the 1992 to 1993 El Niño weather
pattern (rs = -0.70; p < 0.01) (Figure 2). For this
portion of the precipitation analysis, the months
of onset were used for all 53 cases between 1993
and 1995. The end of the 1992 to 1993 El Niño
was described as the month (March 1993) in
which the abnormally high precipitation totals
for November 1992 through March 1993
returned to normal, on the basis of the data in
Figure 1.
The 1993 outbreak of HPS in the Four
Corners region followed a dramatic increase in
precipitation associated with the 1992 to 1993 El
Niño phenomenon and peaked in the middle of a
drought. Because the 1992 to 1993 El Niño
resulted in an abundance of rodent food
resources (e.g., vegetation and insects) and a 20-
fold rodent population increase over the previous
year at the Sevilleta National Wildlife Refuge in
central New Mexico, increased rainfall from El
Niño was associated with the 1993 HPS outbreak
(7). A similar pattern of above average rainfall
followed by drought was observed preceding an
outbreak of HPS in western Paraguay in 1995 to
1996 (8). Our study shows that the number of
HPS cases per month in the Four Corners region
during 1993 to 1995 was negatively correlated
with the number of months after the 1992 to 1993
El Niño. The data suggest that the association
between the 1992 to 1993 El Niño and the
number of HPS cases in the Southwest may have
lasted for as long as 2 years.
The association between El Niño and the
HPS outbreak is probably complex. The above
average precipitation during the winter and
spring of 1992 to 1993 may have increased rodent
populations and thereby increased the likelihood
of more rodent-to-rodent contact, rodent-to-
human contact, and viral transmission, thereby
resulting in the large number of cases in 1993
and 1994. In addition, as rodent populations
surpassed the carrying capacity of their local89 Vol. 5, No. 1, JanuaryFebruary 1999 Emerging Infectious Diseases
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environments and precipitation plummeted,
available food sources may have been depleted,
resulting in rodent population stress. Increased
stress likely increased rodent-to-rodent contact,
as rodents competed for food and water, and
increased rodent-to-human contact, as rodents
moved into new, potentially less stressful
environments, such as homes and peridomestic
structures.
During 1995, no cases occurred in the
original outbreak area near the Arizona-New
Mexico border and in western Colorado, possibly
because the effect of the 1992 to 1993 El Niño had
dissipated. Preliminary data from longitudinal
trapping studies in the Southwest suggest that
the relative rodent densities decreased to normal
levels in 1995 (J. Mills, T. Yates, pers. comm.).
Hantavirus infection rates in rodents dramati-
cally decreased at case sites in Arizona and
Colorado 3 years after the outbreak (9).
Figure 1. Mean difference in monthly precipitation and temperature between month of interest and 6-year
mean (19861991) at the study sites and number of cases by month, 19931995.
Figure 2. Correlation of hantavirus pulmonary
syndrome (HPS) cases per month and number of
months from end of El Niño period (n = 53 cases).90 Emerging Infectious Diseases Vol. 5, No. 1, JanuaryFebruary 1999
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Temperature Analysis
Monthly ambient temperature means from
the 24 identified weather stations for each of the
48 months during 1992 through 1995 were
compared to the corresponding calendar months
ambient temperature mean for 1986 to 1991. The
mean difference was plotted against the number
of HPS case onsets per month for cases occurring
between 1993 and 1995. With all 24 weather
stations included, the Wilcoxon matched-pairs
signed rank test was used to test the statistical
significance of two periods with substantial
departures from normal temperature patterns
(i.e., 6-year mean daily temperature averages for
the same calendar months): 1) November 1992
through December 1992 and 2) January 1993.
The 24 weather stations reported below average
(p < 0.01) temperatures during November 1992
through December 1992, which corresponded
with the onset of El Niño (Figure 1). Conversely,
the mean temperature for January 1993 was
above average (p < 0.01).
While interpreting variations in precipita-
tion totals is fairly straightforward, interpreting
variations in ambient temperature is far more
difficult. Whether the lower-than-average ambi-
ent temperature during November 1992 through
December 1992 affected rodent population
dynamics is unknown; however, the higher-
than-average temperatures during January
1993 may have promoted rodent survival during
what is normally the coldest month of the year.
(Figure 1 indicates that the 24 weather stations
reported the most substantial mean tempera-
ture extremes in 1995.)
To examine the relationship between
ambient temperature and month of exposure for
HPS cases, we compared the distribution of daily
ambient temperatures of probable month
(defined as the month in which onset date minus
14 days [hypothesized mean incubation period]
occurred) of exposure to daily ambient tempera-
tures during the other 11 months of the same
calendar year. Exposure months had higher
ambient temperatures and a smaller tempera-
ture range than the other months in the same
calendar year. The mean temperature for the
probable exposure months was 15°C (SD = 7°C;
range = 0°C - 24°C) (Figure 3), and the mean
throughout the rest of the year was 11°C (SD =
9°C; range = -7°C - 36°C).
Spatial, Temporal, and Environmental
Investigations
Spatial and environmental data were
collected for 59 of the 64 known HPS cases that
occurred before 1996 in the Four Corners region:
Arizona (20 sites), New Mexico (25 sites),
Colorado (7 sites), and Utah (7 sites). For five
cases (in 1959, 1975, 1984, 1985, and 1993), the
exposure site was not known. Habitat data (e.g.,
dominant biome type as described by Brown [10]
within 200 m) were collected at each of the 59
probable exposure sites. Elevations were taken
from U.S. Geological Service quadrant maps. All
analyses were conducted with the SPSS and Epi-
Info statistical software programs (5,6).
Spatial Analysis
Figures 4, 5, and 6 display the spatial and
temporal distribution of probable hantavirus
exposure sites in the Four Corners region, from
1993 through 1995 (n = 52). In 1993, most case-
patients were exposed in northeastern Arizona
and northwestern New Mexico; in 1994, HPS
case-patients were exposed in all four states,
including two new areas, central Utah and
southern Arizona; and in 1995, HPS case-
patients were exposed only in a small geographic
area near the border of southcentral Colorado
and northcentral New Mexico (on the eastern
slope of the Rocky Mountains).
From 1993 through 1995, HPS cases in the
Four Corners region shifted geographically. The
Figure 3. Distribution of monthly ambient tempera-
tures for months estimated as the month SNV
exposure occurred and the 11 nonexposure months for
the same calendar year (n = 35 cases and 24 weather
stations).91 Vol. 5, No. 1, JanuaryFebruary 1999 Emerging Infectious Diseases
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apparent spatial and temporal movement of HPS
foci in this region mirrors the focal nidality
exhibited by hemorrhagic fever with renal
syndrome (HFRS), the Eurasian hantaviral
manifestation (11-15). HFRS cases can occur
sporadically throughout the year, but outbreaks
occur seasonally (12,16). Seasonal prevalence
varies by locality and meteorologic and climatic
conditions that favor activity of rodents
associated with viruses causing HFRS (12).
Niklasson et al. (17) hypothesize that large
outbreaks of HFRS occur in geographic hot
spots, which may depend on certain ecologic
characteristics correlating with rodent popula-
tions, e.g., rodent habitats and environmental or
meteorologic conditions (17). In the Four Corners
states, seroprevalence of hantaviruses in rodents
displays a similar focality (18). Our data suggest
that HPS cases may have occurred in similar hot
spots in this region between 1993 and 1995.
Temporal Analysis
The 1993 to 1995 HPS onset months were
unevenly distributed (Kolmogrov-Smirnov test,
p = 0.01), displaying a spring-summer seasonal-
ity, as has been reported previously (2,3,15)
(Figure 6). While cases occurred throughout all
seasons, probable exposures occurred during the
time of year when the monthly mean ambient
temperature was 0°C to 24°C.
The seasonality of HPS cases varies by
location, elevation, and biome (Figures 4, 5, and 7).
Figure 4. Hantavirus pulmonary syndrome cases in the Four Corners region, by probable exposure site location,
19931995 (n = 53 cases and 52 exposure sites).
Figure 5. Hantavirus pulmonary syndrome cases in
the Four Corners region by state, 19931995 (n = 53
cases and 52 exposure sites).
Figure 6. Hantavirus pulmonary cases in the Four
Corners region, by month of onset, 19931995 (n = 53
cases and 52 exposure sites).92 Emerging Infectious Diseases Vol. 5, No. 1, JanuaryFebruary 1999
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The clustering of all four Sonoran Desert HPS
cases during the late winter and early spring and
the two montane conifer cases during the late
spring and summer, when the mean tempera-
tures for both biomes are mild (12°C - 21°C), are
the best examples of this trend. Most grassland,
Great Basin scrub, pinyon-juniper, and montane
conifer cases occurred during spring and
summer (Figure 7).
Environmental Analysis
Probable exposure sites occurred in seven
biomes, most often in pinyon-juniper woodland,
grassland, and Great Basin desert scrub biomes
(33.9%, 28.8%, and 23.7%, respectively) (Table).
Approximately 66% (39/59) of case-patients were
exposed at elevations of 1,800 m to 2,500 m; none
was exposed at elevations higher than 2,500 m
(Table). This description may reflect the typical
biomes in which the 1993 outbreak took place but
also holds for cases in Utah and Colorado. Mills
et al. (18) reported the same habitat and
elevation for sites with the highest Peromyscus
densities (as well as the highest rodent SNV
antibody prevalence) in the Four Corners states.
Unpublished case-control data (J. Cheek and R.
Bryan) show that significantly more HPS cases
occurred in Great Basin pinyon-juniper than in
any other biome on the Navajo reservation in the
Southwest; the data also show that HPS cases
are more likely at higher elevations. Environ-
mental conditions surrounding HPS exposure
sites appear similar to those surrounding plague
exposure sites on the Navajo reservation
(K. Gage, R. Enscore, unpub. data).
Probable exposure sites were most fre-
quently found in rural areas, with five or fewer
homes within a 1-km radius (64.4%); most
exposure sites (88.1%) were found in areas with
25 or fewer homes. An almost equal number of
exposure sites (44.1%) was more than 2 km away
from a permanent water source as exposure sites
(42.4%) within 1 km of a permanent water
source. Overall, 104 plant species belonging to 72
Figure 7. Number of hantavirus pulmonary syndrome cases occurring in specific biomes by season of onset
(19931995) (n = 53 cases).
Table. Frequency of probable Sin Nombre virus
exposure sites in selected biomes and elevation ranges
Frequency
Biome type (n = 59) %
Sonoran Desert   4   6.8
Chihuahuan Desert   1   1.7
Great Basin Desert scrub 14 23.7
Great Basin and plains grassland 17 28.8
Great Basin pinyon-juniper 20 33.9
Riparian woodland   1   1.7
Montane conifer forest   2   3.4
Elevation range
0 - 619   3   5.1
620 - 1,239   1   1.7
1,240 - 1,859 13 22.0
1,860 - 2,480 42 71.293 Vol. 5, No. 1, JanuaryFebruary 1999 Emerging Infectious Diseases
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genera were identified at exposure sites. The
three most common dominant herbaceous
species were Artemisia tridentata (big sage-
brush),  Gutierrezia sarothrae (snakeweed), and
Bromus tectorum (downy chess grass); and the
three most common dominant overstory and
understory species were Juniperus monosperma
(one-seed juniper), J. osteosperma (Utah
juniper), and Pinus edulis (two-needle pinyon
pine). For 21 of 59 sites with 5% slope or greater,
more than twice as many had a northward aspect
(9 of 21) than any other aspect (south = 4 of 21;
east = 4 of 21; and west = 4 of 21).
While the habitat may have changed in
minor ways between the time of exposure and
data collection, no major habitat changes (e.g.,
fire, timber harvesting) were identified. Because
these environmental findings are descriptive,
caution should be used when drawing conclu-
sions on the basis of these data.
Conclusions
Previous studies have examined behavior
and environmental risk factors for the acquisi-
tion of HPS (19-22). Certain behavior and
occupations may increase the likelihood of
exposure to the excreta of infected rodents;
however, the overall level of risk seems low
(21,22). Environmental risk factors may be
divided into endemic and epidemic. Endemic
environmental risk factors are tied to the static
habitat structure of a geographic area. For
example, the habitat of the Four Corners region
allows population levels of Peromyscus
maniculatus great enough to maintain SNV
transmission (18,23). Some level of risk will
likely always exist for exposure to SNV in the
region; however, the level seems low (9).
Epidemic environmental risk factors, also tied to
the static habitat structure of a geographic area
(i.e., they can only occur in disease-endemic
areas), are primarily dynamic events associated
with large-scale environmental changes of
limited duration. For example, the precipitation
pattern during the 1992 to 1993 El Niño,
associated with increased rodent populations in
the Southwest (7) and consequently with the
1993 outbreak of HPS in the Four Corners
region, greatly increased the level of risk for
human SNV infection in the outbreak area. By
1995, rodent populations (J. Mills, T. Yates, pers.
comm.) and the number of HPS cases in this area
dramatically decreased, and the level of risk for
human SNV infection may have returned to
endemic levels in 1995. Early recognition of
these endemic and epidemic environmental risk
factors  might allow public health agencies to
predict where and when the next HPS outbreak
may occur and thus to effectively target
prevention efforts.
While this report does not address data
related to cases after 1995, the 1997 to 1998 El
Niño may not have displayed the same
precipitation pattern in the Four Corners region
as the 1992 to 1993 El Niño. Limited data from
Arizonas primary weather station for northern
Arizona indicate 4.70 cm of precipitation in
December 1997the 98-year  mean (18991997)
for December is 4.88 cm (Office of the State
ClimatologistArizona State University, pers.
comm.). In December 1992, the same station
reported 17.22 cm of precipitation (Office of the
State ClimatologistArizona State University,
pers. comm.). Future studies should examine
and compare the two precipitation events, their
lasting effects on rodent populations, and the
subsequent effects on hantavirus epidemiology.
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